Introduction {#sec1-1}
============

Carnitine is a hydrophilic amino acid that is naturally produced in the brain, liver and kidney from two essential amino acids, lysine and methionine, although 75% of carnitine is actually obtained from dairy products.^[@ref1],[@ref2]^ Carnitine is a major player in mitochondrial oxidation of long-chain fatty acids and overall energy metabolism.^[@ref3]^ Biallelic mutations in the *SLC22A5* gene, which encodes the organic cation/carnitine transporter 2 (OCTN2) protein, cause systemic primary carnitine deficiency (SPCD). OCTN2 moves carnitine across the plasma membrane, and is widely expressed in the plasma membrane of the myocardium, skeletal muscle, renal tubules, fibroblast, intestine and placental cells.^[@ref4]^ Impaired OCTN2 protein restricts tissue uptake, leading to decreased intracellular carnitine accumulation in the heart and skeletal muscle and increases renal carnitine loss, and subsequently systemic carnitine depletion.^[@ref5]^ In addition, a deficiency of carnitine results in an inability to utilize fat leading to hypoglycemia and the accumulation of fats in the liver, muscle, and heart, which could eventually lead to hepatic steatosis, hepatomegaly, myopathy and dilated cardiomyopathy (DCM).^[@ref8]^ Genetic deficiencies of OCTN2 transporter activity represent the only known forms of the SPCD, which is also known as carnitine uptake defect or carnitine transporter deficiency. SPCD is an autosomal recessive disorder that encompasses a broad range of clinical manifestations in relation to the age of onset, severity, and the organ involved. Affected infants present with metabolic decompensation symptoms, such as poor feeding, irritability, lethargy, and hepatomegaly. The myopathic presentation in children aged between two and four years is characterized by DCM, hypotonia, skeletal muscles weakness, and elevated serum creatine kinase levels.^[@ref9]^ Other atypical symptoms that have been reported in only a few cases are anemia,^[@ref10]^ proximal muscle weakness, global developmental delay,^[@ref11]^ respiratory distress,^[@ref12]^ and arrhythmias.^[@ref13]^ Early diagnosis and treatment with oral L-carnitine (100-400 mg/kg/day) prevents metabolic decompensation and improves skeletal and cardiac muscle function.^[@ref9]^

The worldwide incidence of SPCD is estimated to be 1:100,000, with the highest incidence reported in Japan (approximately 1:40,000 newborns).^[@ref14]^ In a retrospective study of the incidence of inborn errors of metabolism in the Eastern Province conducted over a 25-year period (1983-2008), only two unrelated infants out of 165,530 Saudi newborns were diagnosed with SPCD.^[@ref15]^ In a similar study conducted in a tertiary structure in the Central Province, only one out of 110,601 Saudi newborns was diagnosed with SPCD.^[@ref16]^ Therefore, it can be speculated that the incidence of SPCD in Saudi Arabia is similar to the international incidence. To date, only seven SPCD cases have been reported in Saudi Arabia.^[@ref15]^

In this report, we present a case of a five-year-old SPCD patient with DCM and atypical manifestations including history of anemia, frequent respiratory distress and proximal muscle weakness. Genetic analysis revealed a homozygous missense pathogenic variant in the *SLC22A5* gene, which was consistent with SPCD clinical picture.

Case Report {#sec1-2}
===========

A five-year-old boy, a son of Saudi consanguineous parents, was referred to King Abdulaziz Medical City-Western Region (KAMC-WR) with DCM, hepatomegaly, history of anemia and progressive proximal muscle weakness. The patient had a history of frequent respiratory distress started in the early months of his life, and had been previously admitted to a primary medical center multiple times for oxygen supplementation. He was thought to suffer from hyperactive airways. The patient was described by his family to be constantly irritable and fatigue with poor feeding. The parents had a history of three spontaneous abortions and death of twins (male and female) on their first and second day of life, respectively ([Figure 1A](#fig001){ref-type="fig"}). At time of diagnosis, the patient's electrocardiogram (ECG) showed a peaked Twave pattern and left ventricular hypertrophy ([Figure 2](#fig002){ref-type="fig"}). Echocardiography examinations also showed reduced ejection fracture (EF=49%), reduced shortening fraction (FS=25%), and left ventricular end diastolic (LVED) dimension of 5.09 cm, indicating DCM ([Table 1](#table001){ref-type="table"} and [Figure 3A](#fig003){ref-type="fig"}). The patient was placed on furosemide, captopril and digoxin medications. Laboratory work-up results showed borderline-to-low hemoglobin (10 gm/dL, reference range for patient's age: 11-14.5 g/dL), borderline-to-low mean corpuscular volume (73.9 fL, reference range for patient's age: 75-89 fL), low total carnitine level (16.3 μmol/L, reference range for patient's age: 35-90 μmol/L), low free carnitine level (8.8 μmol/L, reference range for patient's age: 25-55 μmol/L), and acylcarnitine/ free carnitine ratio of 0.9 (reference range for patient's age: 0.1-0.8). Based on these values and the clinical manifestations, SPCD was suspected; however, the presence of anemia, respiratory distress, and proximal muscle weakness complicated the diagnosis to some extent and made it necessary to confirm the diagnosis by genetic testing.

Whole exome sequencing (WES) performed for our patient identified a homozygous missense pathogenic variant in the *SLC22A5* gene (c.1409C\>T; p.Ser470Phe). An unrelated Saudi patient with SPCD has been previously reported to be homozygous for this variant.^[@ref17],[@ref20]^ In addition, this variant was identified in two of 246,236 chromosomes of South Asian origin by The Genome Aggregation Database (<http://gnomad.> broadinstitute.org/; dbSNP rs386134222). *In-vitro* studies showed that the biochemical consequence of this variant was a marked reduction in fibroblast carnitine uptake to 7.1% of normal controls.^[@ref20]^ Based on the overall data and genotypephenotype correlation, the identified variant was considered to be disease-causing in this family and confirmed SPCD in our patient.

Following genetic confirmation, furosemide, captopril and digoxin were tapered gradually and the patient was started on L-carnitine 500 mg TID (100 mg/kg/day). The treatment response was assessed regularly by monitoring clinical symptoms, ECG and measuring plasma levels of total and free carnitine. After one month of carnitine supplementation, the patient showed a significant improvement in symptoms and became active. Repeated echocardiography showed normal cardiac function with mild dilation of the left ventricle (EF=72%, FS=40%, LVED dimension 3.85 cm, and Z-score=1.8; [Table 1](#table001){ref-type="table"} and [Figure 3B](#fig003){ref-type="fig"}). After 14 months of L-carnitine supplementation, total carnitine was increased to 35.1 μmol/L (reference range for patient's age: 35--90 μmol/L), plasma levels of free carnitine reached 16.3 μmol/L (reference range for patient's age: 25--55 μmol/L), and the acylcarnitine/free carnitine ratio was 1.2 (reference range for patient's age: 0.1-0.8). Other features, such as anemia and respiratory distress, disappeared with continuous carnitine supplementation.

Discussion and Conclusions {#sec1-3}
==========================

This case report illustrates an example of the variation in the presentation of SPCD with typical and atypical features, and demonstrates the power of genetic testing in confirming the diagnosis. SPCD has a wide range of clinical manifestations that vary based on age of onset and the organ involved. Infantile metabolic presentation, such as in the case of our patient, typically triggered by upper respiratory infection, gastroenteritis or prolonged fasting, and usually start between the ages of three months to two years. This form of SPCD is associated with hepatomegaly, elevated liver enzymes, poor feeding, lethargy, hypoglycemia, minimal ketones in the urine and hyperammonemia. Between the age of two and four years, cardiac and myopathic presentations predominate. Our patient has had the early metabolic decompensation presentations and then developed dilated cardiomyopathy along with three atypical features comprising a history of anemia, frequent respiratory distress and proximal muscle weakness. These atypical manifestations have been previously reported in few individuals with SPCD.^[@ref10]^

Genetic testing, represented here by WES, provides a systematic and unbiased diagnostic tool and provides an efficient route to the identification of the underlying cause of a disease. Although the measurement of plasma carnitine levels is the key to suspect SPCD, genetic testing is needed when the patient's clinical features are atypical. It helps differentiating primary carnitine deficiency from many other causes of carnitine deficiency, such as some organic acidemias, defects of fatty acid oxidation, defects of the carnitine cycle,^[@ref8]^ and generalized renal tubular dysfunction including renal Fanconi syndrome.^[@ref21]^ In fact, at least 15 syndromes have been reported to have carnitine deficiency secondary to genetic defects of intermediary metabolism or to other conditions.^[@ref2],[@ref8]^

WES performed for our patient identified the c.1409C\>T (p.Ser470Phe) missense pathogenic variant in the *SLC22A5* gene. It was suggested that nonsense and frameshift variants in *SLC22A5* associate with low carnitine transport activity and a more symptomatic status, while missense mutations cause partial carnitine transport activity and less severe symptoms.^[@ref22]^ However, a different report suggests a lack of genotype-phenotype correlation.^[@ref20]^ The same variant identified in our patient has been previously reported in an Asian child of consanguineous parents who presented at the age of 27 months, earlier than our patient, with hypoglycemic encephalopathy and dilated cardiomyopathy.^[@ref17],[@ref20]^ All of this patient's symptoms were improved and reversed by administration of L-carnitine supplements. Similarly, clinical improvements were seen in our patient, though carnitine analytes were only improved but not completely normalized by L-carnitine supplementation. However, complete normalization of free carnitine levels, which is considered to be a slow and even rare event, has not yet been achieved.^[@ref23]^ Enhancement of cardiac function was probably the most important clinical improvement. This supports previous suggestion of considering immediate administration of L-carnitine supplements in the work-up of unexplained pediatric DCM.^[@ref4],[@ref24],[@ref25]^

SPCD has a favorable prognosis with early diagnosis and L-carnitine supplementation, which must be continued for life. Long-term follow-up reports for patients on L-carnitine supplementation are limited in literature. Thirty years was the longest duration of SPCD follow-up reported, and it was for two siblings with SPCD and hypertrophic cardiomyopathy on L-carnitine supplementation. ^[@ref26]^ Another reported case was followed-up for 28 years.^[@ref27]^ Those patients had almost normal life with normal heart size on chest X-ray, normal ECG and unremarkable echocardiograms, which demonstrate sustained efficacy of L-carnitine supplementation.

Saudi Arabia has one the highest rates of consanguineous marriages and a prevalence that reaches 58%.^[@ref28]^ Therefore, Saudi population is at increased risk for autosomal recessive diseases, particularly inborn errors of metabolism (IEMs). SPCD can be suspected in infants by expanded newborn screening (NBS) using tandem mass spectrometry by detection of low levels of free carnitine (C0). The expanded NBS, which has been established in Saudi Arabia since 2005,^[@ref29]^ would provide invaluable chance for early detection and intervention to prevent the progression and fatal complications of IEMs. However, since carnitine can be supplemented through placenta to fetus, the sensitivity of NBS is strongly influenced by maternal C0 levels, resulting in only half of fetuses with SPCD being detected.^[@ref30]^ This might explain why our patient was not picked up by NBS.

![(A) Pedigree of the affected family and (B) representative chromograph of *SLC22A5* Sanger sequencing read. Black rectangle indicates the affected nucleotide; c.1409C\>T (NM_003060.3).](pr-10-2-7705-g001){#fig001}

![Electrocardiogram at the time of diagnosis showing features of carnitine deficiency cardiomyopathy. Note the peaked T-wave along with the short QT interval.](pr-10-2-7705-g002){#fig002}

![Echocardiography at the time of diagnosis and after treatment with L-carnitine. (A) Transthoracic echocardiography section showing dilated left ventricle at the time of diagnosis; (B) Transthoracic echocardiography section showing normal left ventricular dimensions 6 months following L-carnitine supplementation.](pr-10-2-7705-g003){#fig003}
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Echocardiography findings of 5-year-old boy with systemic primary carnitine deficiency.

  Parameter                                  At diagnosis   Before starting L-carnitine supplements   One month post-L-carnitine supplementation   Six months post-L-carnitine supplementation
  ------------------------------------------ -------------- ----------------------------------------- -------------------------------------------- ---------------------------------------------
  Ejection fraction                          49%            40.9%                                     64.6%                                        72%
  Shortening fraction                        25%            21%                                       35%                                          40%
  Left ventricular end diastolic dimension   4.80 cm        5.90 cm                                   4.39 cm                                      3.85 cm
  Z-score                                    6.5            11.1                                      3.1                                          1.8
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